Prolyl endopeptidase is a serine proteinase that specifically cleaves peptides on the carboxy side of proline residues. Wilk & Orlowski [(1983) J. Neurochem. 41, 69-75] have shown that benzyloxycarbonyl-prolyl-prolinal (Z-prolyl-prolinal) is a potent inhibitor of prolyl endopeptidase. We show that Z-prolyl-prolinal is a slow-binding inhibitor of mouse brain prolyl endopeptidase with K1 0.35 + 0.05 nm. Kinetic analysis indicates that the mechanism is a simple, but slow, reversible equilibrium between free and bound enzyme (E + I El) with rate constants for association (kJn) and dissociation (k0ff)
INTRODUCTION
Prolyl endopeptidase is a serine proteinase that specifically cleaves peptidyl proline bonds (Wilk, 1983) . The enzyme is known to hydrolyse many biologically active peptides, including substance P, neurotensin, angiotensin II, oxytocin and bradykinin (Orlowski et al., 1979) . Although a serine proteinase, the enzyme is quite sensitive to thiol-blocking reagents (e.g. pmercuribenzoate), which suggests that a cysteine residue is essential for activity. The enzyme is ubiquitous in mammalian tissue, the highest concentrations being found in the liver, testes, skeletal muscle and brain (Yoshimoto et al., 1979) . Prolyl endopeptidase has been purified from rabbit brain (Orlowski et al., 1979) and bovine brain (Yoshimoto et al., 1983) , and inhibition by Z-prolyl-prolinal ( Fig. 1) (Wilk & Orlowski, 1983; Friedman et al., 1984) and other prolinal derivatives (Tsuru et al., 1988) has been investigated. Wilk & Orlowski (1983) suggested that Z-prolyl-prolinal is a non-competitive transitionstate inhibitor with Ki 14 nM.
We now show here that Z-prolyl-prolinal is, in fact, a competitive slow-binding inhibitor of mouse Synthesis of Z-prolyl-prolinol Z-prolyl-prolinol was prepared by using a modification of the procedure of Wilk & Orlowski (1983) . 1-Hydroxybenzotriazole hydrate (4.05 g, 30 mmol) was added as a neat solid to benzyloxycarbonyl-proline (7.47 g, 30 mmol) dissolved in 100 ml of dichloromethane. L-Prolinol (3.0 ml, 30 mmol) and dicyclohexylcarbodi-imide (6.2 g, 30 mmol) were then added and the resulting solution was stirred for 48 h at 25 'C. Precipitated dicyclohexylurea was removed by filtration, and the filtrate was washed successively with 1 M-NaOH, 1 M-HCI and saturated NaCl, and then dried over MgSO4. 
Synthesis of Z-prolyl-prolinal
The aldehyde was prepared by oxidation of Z-prolyl-prolinol (7.2 g) according to the method of Mancuso et al. (1978) and purified by flash chromatography on silica (ethyl acetate eluent). The reaction was initiated by adding sufficient enzyme to liberate approx. 5 nmol of 7-amino-4-methylcoumarin/min. Activity was measured by monitoring the resulting increase in fluorescence (380 nm excitation, 460 nm emission). Slow-binding inhibition (Morrison & Walsh, 1988) was apparent in the progress curves of inhibition by 5-50 nM-Z-prolyl-prolinal under these assay conditions. Each progress curve was fitted to the equation: y= A-e-k t+B+C.t by non-linear least-squares regression (Bevington, 1969; Copp et al., 1987) . The steady-state (final) rate equals C, the initial rate is -A k + C and the observed rate constant is k. To determine the type of inhibition, substrate (ranging in concentration from 0.1 to 100 /zM) was incubated in buffer with Z-prolyl-prolinal (ranging in concentration from 0 to 100 /M) to which enzyme was added, and fluorescence was measured as a function of time.
Collective constants (Vmax., Km and K,) were determined with the programs HYPER and COMP (Cleland, 1979) .
Return of activity
To determine if the inhibition of prolyl endopeptidase by Zprolyl-prolinal is reversible, activity was assayed upon dilution of the enzyme-inhibitor complex to well below the K. Prolyl endopeptidase solution was inhibited with 70 nM-Z-prolylprolinal, a 2,1 portion was diluted into 2 ml of assay buffer containing substrate, and activity was measured as a function of time. A control rate was also measured in which enzyme was incubated in the absence of inhibitor and a portion was diluted into an assay cuvette.
A return-of-activity experiment was also performed with Zprolyl-prolinol. Enzyme was inhibited by 500 /tM-Z-prolylprolinol and a 2,#1 portion was diluted into 2 ml of assay buffer containing substrate.
RESULTS AND DISCUSSION
Prolyl endopeptidase was purified to approx. 750% homogeneity (determined by PAGE) by following the method of Orlowski et al. (1979) . Although the source of the enzyme in this study was mouse brain (as opposed to rabbit or cow brain), the Mr value was found to be similar (67 700 for the mouse brain enzyme as compared with 66000 for that from rabbit brain). Prolyl endopeptidase activity from human brain was measured in a crude homogenate. Inhibition of prolyl endopeptidase by Z-prolyl-prolinal Z-prolyl-prolinal meets the criteria for slow-binding inhibition proposed by Morrison & Walsh (1988) , in that addition of inhibitor to an enzyme/substrate assay mixture leads to a firstorder decrease in the rate of substrate hydrolysis and a final nonzero rate (Fig. 2) .
There are three mechanisms that are proposed to describe slow-binding inhibition (Morrison, 1982; Erion & Walsh, 1987 (Fig. 3) . Therefore we conclude that mechanism A is the simplest scheme consistent with the kinetics of prolyl endopeptidase inhibition. The slope in Fig. 3 Wilk & Orlowski (1983) state that Z-prolyl-prolinal inhibition is non-competitive, which suggests the existence of a ternary enzyme-substrate-inhibitor complex. Since the structural similarity of Z-prolyl-prolinal to typical substrates is significant, and since the pre-steady-state analysis is consistent with a simple but slow equilibrium (see above), we suggest instead that Z-prolylprolinal is a competitive inhibitor, but with such slow kinetics and potent inhibition that either (1) At substrate concentrations increasing from 1.6,UM to 80/tM (0.1 x Km to 5 x Ki), the measured kobS decreased, consistent only with eqn. (4) (Fig. 4) . Thus Z-prolyl-prolinal is a competitive slow-binding inhibitor of prolyl endopeptidase.
Mechanism A in Scheme 1 implies that the value for k 1 (k0.1) is simply calculated as K,-k... From the above data, koff = (6 + 2) x 10-'s-s. This calculated value can be compared with the directly measured value obtained by dilution of the enzymeinhibitor complex into an assay mixture. Such an experiment is shown in Fig. 5 ; from these data kff= (3+1)xlO-5`s-. (Stein et al., 1987) and chymotrypsin inhibition (Kennedy & Schultz, 1979) , an increase in kon and a decrease in koff are observed with increasing pH. For inhibition of prolyl endopeptidase by Z-prolyl-prolinal, neither kon nor koff changes significantly from pH 6 to pH 9, though the enzyme alone displays a typical serine proteinase titration of Vm.x/Km with PKa = 6.5 (Fersht, 1977) . Thus, although hemiacetal formation may account for the slow-binding inhibition by Z-prolyl-prolinal, prolyl endopeptidase remains distinct from other serine proteinases in its cytosolic location, sensitivity to thiol-blocking reagents and pH-dependence of inhibition kinetics.
